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This paper deals with iron losses caused by fringing fluxes generated by the concentrated stator windings of an axial-flux permanent-
magnet synchronous machine. Fringing fluxes enter the laminated stator stack perpendicularly to the plane of the laminated silicon
steel sheets. They cause additional eddy currents and losses in the sheets. Three approaches for reducing these losses are compared
experimentally with a dedicated setup. The setup has no moving parts and makes accurate iron loss measurement possible. The
first method directly restricts the eddy-current losses by segmenting the lamination surface. The second method deflects the fringing
flux by using soft magnetic composite. The third method magnetically short circuits the fringing flux using ferromagnetic wires.
The first method gives the best results, with a reduction of 6% of the total iron loss at an induction level of 0.6 T and a frequency
of 200 Hz.
Index Terms— Axial-flux machines, iron losses, laminations.
I. INTRODUCTION
EXCESSIVE eddy currents are a challenging problemin yokeless and segmented armature (YASA) axial-flux
permanent-magnet synchronous machines (AFPMSMs). This
paper focuses on iron losses due to fringing flux in the stator
cores. The machine type, in particular a single stator double
rotor YASA AFMSM, is described in [1] and shown in Fig. 1.
The stator core elements are constructed of laminated silicon
steel sheets (LSSSs) and are excited by concentrated windings.
The two types of eddy-current effects occur in laminated
media when excited by an alternating magnetic field [2]. The
first type is due to the in-plane magnetic field (main field).
The corresponding eddy currents follow rather long paths
enclosing a rather small surface area and are called resistance-
limited eddy currents. The second type comes from the out-of-
plane magnetic stray field (fringing field). The corresponding
eddy currents follow rather short paths enclosing rather large
areas. They thereby experience a large inductance and are
called inductance-limited eddy currents. In [3], the second
type of eddy currents is measured by the use of a tester.
From this analysis, it is found that the eddy currents of the
second type have nearly resistance limited characteristics and
are penetrating the stack much deeper than the theoretical
penetration depth.
This paper focuses on reducing the second type of eddy cur-
rents. Three novel methods are discussed and experimentally
evaluated. The first method directly restricts the eddy currents
by decreasing the enclosed surface area by segmentation.
The second method deflects the fringing flux by adding soft
magnetic composite (SMC) tooth tips. The third method
short circuits the fringing flux by adding ferromagnetic wires.
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Fig. 1. AFPMSM. 1: rotor disk. 2: permanent magnet. 3: laminated stack.
4: winding [1].
Fig. 2. (a) Segmented top and bottom lamination. (b) SMC tooth tips.
(c) Top and bottom layer of adjacent ferromagnetic wires along the axial
direction.
The three approaches are studied theoretically and compared
in a new experimental setup. Fig. 2 shows the three
techniques graphically. The loss properties of the LSSS,
SMC, and ferromagnetic silicon steel (FeSi) used for
the wires are shown in Fig. 3 for 50 Hz and in Fig. 4
for 200 Hz.
The paper is organized as follows. In Section II, a theoretical
model for distinguishing both the eddy-current effects is
developed. In Section III, a detailed description of the three
proposed techniques for reducing fringing-flux eddy-current
losses is given. Sections IV and V describe the applied
field model and material model, respectively. In Section VI,
fringing-flux losses are described in the function of the
flux density. Section VII describes the performance of the
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Fig. 3. Total losses in the function of magnetic induction for LSSS, SMC,
and FeSi wire at a frequency of 50 Hz.
Fig. 4. Total losses in the function of magnetic induction for LSSS, SMC,
and FeSi wire at a frequency of 200 Hz.
three proposed loss prevention measures. Section VIII gives
the conclusion.
II. BEHAVIOR OF FRINGING FLUX
A. Causes of Fringing Flux in the YASA AFPMSM
In a YASA AFPMSM, fringing flux is produced by
three causes:
1) stray fields from the excitation winding, fields closing
through the air and entering the lamination
perpendicularly;
2) flux migration, flux that migrates from one sheet to
another mainly caused by the magnetic saturation of
individual sheets;
3) flux from the permanent magnets on the rotor.
This paper focuses on the first two causes of fringing flux.
B. Quantification of Eddy Currents Due to Fringing Flux
In Fig. 5, a local coordinate system (α, β, γ ) is attached to a
lamination sheet. The coordinates α and β are in the plane of
the lamination sheet whereas γ is perpendicular to the sheet.
In Fig. 5, resistance limited eddy currents caused by a main
flux mainly in the α-direction are denoted by Jβγ and mainly
lie in βγ -planes, whereas inductance limited eddy currents
caused by fringing flux are denoted by Jαβ and mainly lie
in αβ-planes.
Fig. 6 shows the cross section of Fig. 5. In order to get more
insight in the behavior of resistance-limited and inductance-
limited currents, the total current density vector J is written
Fig. 5. Individual lamination sheet. Local coordinate system.
Fig. 6. Cross section of the individual lamination of Fig. 5 with indicated
defined eddy currents.
as a sum of two contributions: J = Jind + Jres. In the cross
section of Fig. 6, the inductance-limited eddy currents Jind
flow in the β-direction and have the same sense at the top and
bottom of the sheets. This is in contrast with the resistance-
limited eddy currents Jres, which also flow in the β-direction
but have an opposite sense at the top and bottom of the sheets.
We assume that the amplitude of Jind is constant in the
γ -direction, i.e., along the (small) thickness of the thin lami-
nation sheet. This means that the fringing flux is homogeneous
along the thickness of the lamination sheet. Although not
exactly true—see the finite-element results later in the paper—
this assumption is useful for the splitting of the two loss
contributions and for understanding the different loss mecha-
nisms. The γ = 0 plane—the dash-dotted line in the figure—is
taken as a symmetry plane. It can be seen that both the eddy-
current types counteract each other above the γ = 0 plane
and reinforce each other under the γ = 0 plane. This makes
it possible to separate and quantify both the types of eddy
currents by use of the following mirrored current densities
with respect to this plane:
J (α, β, γ ) = (Jα(α, β, γ ), Jβ(α, β, γ ), Jγ (α, β, γ )) (1)
Jmir(α, β, γ ) = (−Jα(α, β,−γ ),−Jβ(α, β,−γ ),
Jγ (α, β,−γ )) (2)
where J is the local current density and Jmir is a virtual current
density mirrored with respect to the γ = 0 plane. To ensure
the continuity law to hold for Jmir as well, there is no minus
sign for the mirrored γ component. Using this mirrored current
density, both the eddy-current types can be distinguished
Jind =
J − Jmir
2
(3)
Jres =
J + Jmir
2
. (4)
By construction, Jind and Jres flow in the same and opposite
senses, respectively, at the top and bottom of the sheet.
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The following properties hold, with V the volume of the sheet:
Jres · Jind = 0 (5)∫
V
Jres · Jind dV = 0 (6)
∫
V
J 2
σ
dV =
∫
V
( Jres + Jind)2
σ
dV = Pres + Pind. (7)
The last property indicates that the power losses due to
fringing flux and due to main flux can be separated. This
allows to clearly distinguish between losses due to the main
flux and losses due to the fringing flux. As already mentioned,
the above quantification is only valid for a homogeneous flux
distribution over the cross section of the lamination. However,
this property is valid in the linear and non-linear case, because
the magnetic state is determined, first, on the basis of the total
eddy current.
C. Skin and Penetration Depth
The skin depth of an individual sheet is given by
δsheet =
√
2
ωμFeσFe
(8)
where ω = 2π f is the angular frequency, f is the frequency,
and μFe and σFe are the permeability and conductivity of the
silicon steel. This formula for the skin depth is based on the
half-plane model [4], [5] and is only valid for a homogeneous
magnetic flux density exerted on the lamination sheet.
It makes sense to think about the lamination stack as a solid
block of material with homogenized material parameters [2].
A simple homogenization approach leads to permeability and
conductivity tensors
¯¯μ = diag(μαβ, μαβ, μγ ) (9)
¯¯σ = diag(σαβ, σαβ, 0) (10)
where
μα,β = χμF E + (1 − χ)μ0 (11)
1
μγ
= χ
μFe
+ 1 − χ
μ0
(12)
σα,β = χσFe (13)
with
χ = d
d + h (14)
the stacking factor, and d and h the lamination and insulation
thicknesses, respectively.
Flux that enters perpendicularly to the lamination stack
only penetrates into a limited number of sheets close to the
excitation winding. This depth is called the penetration depth
δγ =
√
2
ωσαβμαβ
. (15)
This penetration depth δγ is shown in Fig. 7. It is almost equal
to the skin depth of the iron material δsheet.
Fig. 7. Skin depths for longitudinal and perpendicular magnetic flux
components.
The penetration depth related to the perpendicular fringing
flux is given by
δαβ =
√
2
ωσαβμγ
. (16)
This penetration depth δαβ is also shown in Fig. 7 and it is con-
siderably larger than the skin depth of the iron material. This
difference is mainly due to the difference of the lamination-
stack reluctance in perpendicular direction compared with the
in-plane direction.
III. PREVENTIVE MEASURES
A. Segmented Top and Bottom Laminations
Along the Axial Direction
The largest eddy-current losses due to fringing fields take
place in the first few sheets close to the excitation winding.
Therefore, it is advantageous to limit the in-plane eddy cur-
rents for these first few sheets. A simple method, without
destroying the material properties for the main magnetic field,
is cutting the top and bottom sheets along the axial direction,
as shown in Fig. 2(a). By this way, the surface for the eddy
currents due to fringing flux is significantly reduced. The
number of splitted top and bottom sheets and the number of
divisions are two parameters to be determined.
B. SMC Tooth Tips for Capturing Fringing Flux
Tooth tips are mainly used to reduce the higher-harmonic
content of the air-gap magnetic field in order to reduce torque
ripple and cogging torque [6]. Because SMC blocks do not
exhibit eddy currents also for 3-D fluxes, it is advantageous
to deviate the fringing flux by SMC tooth tips, as shown
in Fig. 2(b). The captured fringing flux will flow further in
the laminations in the in-plane direction, without introducing
extra eddy currents due to fringing flux. Using SMC tooth tips
is beneficial for the production of laminated stator teeth in the
AFPMSM, because all sheets remain rectangular. Because of
the isotropic behavior, SMC is mainly used for machines with
a complex 3-D path, such as transverse flux machine [7] or
axial flux machines [8]. On the one hand, SMC does not suffer
from induced currents due to fringing field perpendicular to the
laminations. But on the other hand, SMC has a lower magnetic
permeability and higher losses in the frequency range that is
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Fig. 8. (a) Simplified setup. (b) FEM geometry exploiting symmetry and
showing laminations modeled explicitly (blue region) and the homogenized
part of the lamination stack (green region).
relevant in electrical machines (see Figs. 3 and 4). By a clever
combination of SMC tooth tips with LSSS, the advantageous
material properties can be optimally exploited.
C. Ferromagnetic Wires as a Closing Path
for the Fringing Flux
Adding a layer of ferromagnetic wires, all oriented in the
axial direction adjacent to the top and bottom of an LSSS
stack, will short circuit the fringing flux, as shown in Fig. 2(c).
By this way, the fringing flux is no longer perpendicular to
the laminations.
IV. FIELD MODEL
A. Model Geometry
The model consists of two lamination stacks with each a
concentrated winding, an air gap, and two laminated back iron
stacks to close the magnetic circuit, as shown in Fig. 8(a).
The system is excited by the two concentrated coils wound
around the lamination stacks. Appropriate symmetries allow to
model only one eighth of the geometry, as shown in Fig. 8(b).
Important to mention is that the top and bottom laminations
are modeled in full detail: every sheet and every insulation
layer between the adjacent sheets is explicitly modeled. This
ensures an accurate modeling of the fringing-flux effects.
B. 3-D Non-Linear Time-Dependent Magnetoquasistatic
Field Formulation
The field model uses second-order tetrahedral finite ele-
ments together with the T − 
 formulation [9]–[11]. This
formulation uses an additional current vector potential T in
the eddy-current region 
c and a reduced magnetic scalar
potential φ in the whole problem region 
. The current
density J , and the magnetic field H are calculated from the
potentials as
J = ∇ × T ; H = T0 + T − ∇φ in 
c (17)
J = ∇ × T0; H = T0 − ∇φ in 
 − 
c (18)
with T0 the current vector potential representing the currents
in the coils. For 3-D finite element method (FEM) simulations,
ANSYS Maxwell 3-D [12] is used.
C. Mesh Generation
The generation of the mesh is a challenge for two
reasons. The first reason is that the maximal mesh size
must be sufficiently smaller than the skin depth in each
individual lamination. The second reason is the large
geometrical disproportion between the lamination and insula-
tion thicknesses and the device size. In order to achieve the
optimal level of accuracy, the mesh is first generated in static
mode with adaptive mesh refinement. The mesh automatically
refines by use of a highly robust volumetric meshing technique
with multithreading capability. The refinement is based on
the reported energy error in the simulation. This adaptively
refined mesh is used in the transient solver.
D. Post-Processing
At every time step of the non-linear transient simulation,
the instantaneous extra eddy-current losses in the individual
laminations are calculated. The field solutions are further
manipulated and post-processed in MATLAB [13] using the
model described in Section V.
V. MAGNETIC MATERIAL MODEL
Because the skin effect is substantial, especially at
the higher frequencies, Bertotti’s low-frequency approxi-
mation [14] is no longer an option in the considered
grain-oriented material with very high relative permeability
(up to 40 000), in spite of the thin lamination thickness of
0.23 mm. For this reason, a very accurate 1-D space diffusion
problem with a high spatial accuracy is solved for half of the
lamination thickness [15]. The magnetic field intensity in the
out-of-plane direction is calculated from
∂2 H
∂γ 2
= σ d B
d H
∂ H
∂ t
(19)
where H and B are, respectively, the magnetic field and
magnetic induction component in the out-of-plane direction,
and σ is the electrical conductivity. Using the explicit equation
for calculating the magnetic field at each node, the following
restriction must hold to ensure numerical stability:
P
βh2
≤ 1
2
(20)
with β = σ(d B/d H), P is the time interval and h is the
mesh length [4]. To ensure numerical stability, the magnetic
field strength is applied instead of the magnetic induction in
function of time. In the non-linear case, a sinusoidal excitation
gives a non-sinusoidal response. For this reason, the 1-D model
is excited with the non-sinusoidal field intensities measured
with the Epstein frame.
The hysteresis and excess losses are calculated by
Ph = a Bα f (21)
Pe = cB f (
√
1 + d B f − 1) (22)
where Ph and Pe are the hysteresis and excess losses, respec-
tively, and a, α, c, and d are four material specific coefficients,
fitted on the basis of Epstein frame measurements.
Fig. 9 shows the fitted total iron losses for M100-23P grain-
oriented silicon steel based on Epstein frame measurements,
using the low-frequency approximation of Bertotti for the
classical losses. Fig. 10 shows the fitted total iron losses for
M100-23P grain-oriented silicon steel based on Epstein frame
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Fig. 9. Fitted total iron losses (Psim in the rolling direction of M100-23P
grain-oriented silicon steel based on Epstein frame measurements (Pmeas),
using the low-frequency approximation of Bertotti for the classical losses.
Fig. 10. Fitted total iron losses (Psim in the rolling direction of M100-23P
grain-oriented silicon steel based on Epstein frame measurements (Pmeas),
using the 1-D diffusion model for the classical losses.
Fig. 11. Dedicated AFPMSM test setup.
measurements for the hysteresis and excess losses and the
1-D diffusion model for the classical losses. It can be seen
that the total measured losses are better fitted when using the
1-D diffusion model for the calculation of the classical losses.
VI. FRINGING-FLUX LOSSES AS A
FUNCTION OF FLUX DENSITY
The machine under study is an AFPMSM with dual rotor
and 15 stator teeth (see Fig. 1). In order to eliminate uncer-
tainties on the air-gap width, as well as bearing and winding
losses, a simplified setup of this machine without rotating parts
is constructed, as shown in Fig. 11. The air gap can be varied,
Fig. 12. Simulated additional in-plane eddy-current losses caused by fringing
flux in the function of the induction level at a frequency of 200 Hz.
Fig. 13. Instantaneous simulated losses due to stray fields in the function of
time in the individual top sheets, with the sheet numbering starting from the
top of the LSSS stack without segmented top sheet at a frequency of 200 Hz
and an excitation of 1000 at. The averaged induction level in the LSSS stack
is 0.33 T.
by putting a number of polyamide sheets with an accurately
known thickness between the stator teeth and the rotor back
iron. Two stacks are positioned at a pole width of 50 mm from
each other. The yoke with a thickness of 20 mm is larger than
the real back iron of a permanent magnet synchronous motor,
in order to keep the losses of the back iron low compared with
those in the lamination stack of the motor teeth. In order to
have minimal degradation of magnetic properties [16], all the
LSSS are cut with a water jet technique. Besides the copper,
lamination stacks, ferromagnetic wires, and/or SMC tooth tips,
all surrounding material is polyamid.
Fig. 12 shows the simulated eddy-current losses due to
fringing flux in the function of the induction level, simulated
by the field solver described in Section IV.
Fig. 13 shows the instantaneous simulated eddy-current
losses due to fringing flux in the function of time in the
individual top laminations, with the sheet numbering starting
from the top of the LSSS for a standard (non-segmented)
LSSS. Fig. 13 shows a time shift between the peak values
of the losses in the individual laminations. This is due to
the inductive behavior of the laminations in the perpendicular
direction. The decreasing edge of the instantaneous losses of
the top lamination (lamination number 1 in Fig. 13) occurs
earlier in time than the decreasing edge of the losses in the
other laminations. This is due to magnetic saturation of the
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Fig. 14. (a) Dedicated setup. (b) Detailed representation of the setup.
1: excitations coils. 2: search coil. 3: stack. 4: plastic space holder.
Fig. 15. Measured and simulated induced voltage due to fringing flux in the
search coil of Fig. 14 at a frequency of 200 Hz and an excitation of 1000 at.
first lamination, causing a decrease of the inductance, which
causes the resistance of the first lamination to become dom-
inant. Because of the saturation, the top lamination reaches
its maximum of loss before the excitation current reaches
its maximum: at 5.35 ms compared with 6.25 ms for the
maximum of the current. The losses in the second lamination
are higher, because of flux migration from the first lamination
to the second lamination, necessitated by the saturation of the
first lamination.
In order to validate FEM simulations, induced voltages
due to fringing flux are measured with a search coil of
100 windings, positioned as shown in Fig. 14. Fig. 15 shows
the measured and simulated induced voltage due to fringing
flux in the search coil in the function of time.
VII. PERFORMANCE OF THE THREE PROPOSED
LOSS PREVENTION MEASURES
The performance of the three proposed loss prevention mea-
sures is studied on the basis of the finite-element model and
on the basis of the experimental setup. The major tendencies
are described in Section VII-A–VII-C.
A. Fringing-Flux Losses With Segmented Top
and Bottom Laminations in Axial Length
To explain the effect of segmenting laminations, we com-
pare the simulated instantaneous losses in the laminations for
Fig. 16. Instantaneous simulated losses due to stray fields in the function
of time in the individual top sheets, with the sheet numbering starting from
the top of the LSSS stack with one segmented top sheet at a frequency of
200 Hz and an excitation of 1000 at.
Fig. 17. Eddy-current density distribution in the top segmented lamination
at a frequency of 200 Hz and an excitation of 1000 at.
the unsegmented case (Fig. 13) and the case with the first
lamination segmented (Fig. 18). For the segmented case, it
can be seen that the simulated eddy currents are lower in the
segmented top lamination (lamination number 1 in Fig. 16)
but higher in the other laminations. For this reason, the eddy-
current losses are higher in total compared with the standard
case (without segmented top and bottom lamination). This is
caused by the shielding effect of the first lamination. By seg-
menting the lamination, the reaction field of the eddy currents
due to fringing flux in this segmented lamination will be lower.
Fig. 17 shows the eddy-current distribution in the segmented
top lamination of Fig. 16 (lamination number 1). Fig. 18
shows the instantaneous iron losses for three segmented top
laminations. The total fringing-flux losses decrease with 17%.
Knowing that the amount of fringing-flux losses count for 34%
of the total iron losses (see [17] under the same conditions),
this gives a reduction of almost 6% in total iron losses.
The measurement results of Fig. 19 confirm this reduction
of 6%, predicted by 3-D FEM simulations, in case of three
segmented laminations. Also the slight increase of losses in
the case of only one segmented lamination can be seen in the
measurement results.
B. Fringing-Flux Losses With SMC Tooth Tips
Fig. 20 shows the SMC tooth tips positioned using a
polyamid holder. Fig. 21 shows the total measured losses for
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Fig. 18. Instantaneous simulated losses due to stray fields in function of time
in the individual top sheets, with the sheet numbering starting from the top
of the LSSS stack with three segmented top sheets at a frequency of 200 Hz
and an excitation of 1000 at.
Fig. 19. Total measured iron losses for the standard stack, for the stack with
one segmented sheet and for the stack with three segmented sheets.
Fig. 20. (a) Dedicated setup with tooth tips. (b) Detailed representation of
the setup. 1: excitations coils. 2: SMC tooth tips. 3: stack.
the standard setup and the setup with SMC tooth tips. As the
tooth tips change the inductance of the circuit, it is important
to know that a given abscis value in the figure, the total flux
through the teeth is the same in the case with and the case
without tooth tips. It can be seen that the losses are higher
for low frequencies and low induction values and lower for
high frequencies and high induction values when using SMC
tooth tips. This is expected because for low induction and low
frequencies, hysteresis losses are dominant, and these are quite
high in SMC. For high frequencies and high induction values,
the classical losses are dominant, but for SMC these latter
losses are quite small.
Fig. 21. Total measured iron losses for the standard LSSS, an LSSS with
one segmented top and bottom sheet, an LSSS with three segmented top and
bottom sheets, and an LSSS with SMC tooth tips.
Fig. 22. (a) One layer of adjacent FeSi wires. (b) One layer placed at the
top and bottom of the LSSS.
Fig. 23. Total measured iron losses for the standard LSSS, an LSSS with
one segmented top and bottom sheet, an LSSS with three segmented top and
bottom sheets, an LSSS with SMC tooth tips, and an LSSS with one top and
the bottom layer of adjacent axial oriented ferromagnetic wires.
C. Fringing-Flux Losses With a Top and
Bottom Layer of Ferromagnetic Wires
One layer of eighty adjacent axially oriented ferromagnetic
wires of 0.35 mm are placed at the top and bottom of the LSSS
stack, as shown in Fig. 22. This layer is constructed by making
a coil around a mold followed by removing the endings of the
constructed coil. Fig. 23 shows the total measured losses by the
use of this layer. It can be seen that the losses are always higher
by the use of a ferromagnetic layer. This is due to the large
difference in permeability between the ferromagnetic wire and
the LSSS and also because the losses of the wire in W/kg are
much higher than the losses of the grain-oriented silicon steel
sheets (see Figs. 3 and 4). Fringing-flux migration takes place
and these flux lines falls in perpendicular to the plane of the
sheet.
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VIII. CONCLUSION
Splitting the top and bottom sheets closest to the excitation
winding of an LSSS stack is a good technique for reducing
losses due to fringing flux, without destroying the magnetic
properties in the axial direction. In the considered geometry
of a typical AFPMSM, splitting three top and bottom sheets
in half, gives a reduction of 17% of the fringing-flux losses,
which results in the 6% reduction of the total iron losses.
Adding SMC tooth tips and adding ferromagnetic wire are
techniques to reduce the perpendicular flux on the laminated
stack. Both the techniques, however, seem to be not effective
for reducting the total iron losses. The major reason is the
rather bad magnetic properties (permeability and losses) of
SMC and the FeSi wire compared with the properties of the
laminated stack: a grain-oriented silicon steel with very high
permeability and very low losses in W/kg.
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